ABSTRACT We have examined the gap junctional communication properties ofcells in the wing imaginal disk ofDrosophila, using intracellular injection of the fluorescent dye tracer Lucifer Yellow. The cell-to-cell passage of Lucifer Yellow is restricted at a boundary line that divides the wing disk into halves. We refer to each half as a "communication compartment" because there is a high level of gap junctional exchange within a compartment and much lower exchange between compartments. Comparison of the positions of the compartments with developmental fate maps suggests that cells in one communication compartment give rise to cuticular structures in the anterior half of the adult dorsal mesothorax, and cells in the other compartment contribute to posterior structures. This communication-restriction line appears to be coincident with the line between the anterior and posterior developmental compartments observed in studies of cell lineage. We propose that gap junctional communication restrictions may play a general role in generating or maintaining developmental compartments.
In holometabolous insects such as Drosophila melanogaster, much ofthe adult cuticle arises from groups ofcells in the larvae called imaginal disks. Each disk is organized as a distinct hollow sac consisting of a squamous epithelium on one side (the peripodial membrane) and a columnar epithelium on the other (1) . During metamorphosis, cuticle is secreted mainly from the columnar epithelium, and this contributes to the formation of the appropriate adult cuticular structures. Thus, for example, the wing imaginal disk differentiates during metamorphosis to form the adult wing and surrounding dorsal mesothoracic structures. Fundamental to understanding how imaginal disk development is regulated is the elucidation ofthe mechanisms by which these epithelial cells "know" which structures to form. Celllineage studies have provided some insight into this problem (2) (3) (4) (5) (6) (7) (8) . In these studies, single cells in the embryo or larvae are marked, and their descendants are identified later in development. As the marked cells continue to grow and divide, they form contiguous patches (clones). The shapes of some of these clones are constrained by "invisible" lines; if a clone is situated adjacent to a line, its boundary traces out that line without ever crossing it. These lines form sequentially during development and partition the wing disk into a number of compartments (4) (5) (6) . For example, one line divides the disk into anterior and posterior compartments so that cells in the anterior compartment differentiate to form adult structures in the anterior portion of the dorsal mesothorax, and cells in the posterior compartment correspondingly give rise to the posterior structures (4, 5, 7, 8) . The appropriate differentiation of epidermal cells may depend upon which compartments the cells belong to and where the cells are situated within these compartments (positional information) (5, 6, 9, 10) . This suggestion is supported by analyses of a number of homeotic mutations that alter the developmental fates of cells and appear to use compartments as their basic unit of action (6, 11, 12) .
From all of these studies, it appears that compartmentalization plays an important role in regulating the development of imaginal disk cells. However, the mechanisms mediating compartment formation are not understood. In the present study, we have begun to investigate the possibility that cell-cell interactions may play an important role in forming and maintaining compartments.
Gap junctions are specialized areas of intercellular contact which contain membrane channels that allow the direct but passive exchange ofsmall molecules (Mr, <1,500) between cells (gap junctional communication) (13) (14) (15) dye was visualized with epiillumination under a Leitz Diavert microscope using a 100-W mercury lamp with standard excitation filters. All photographs were recorded on Kodak Tri-X Pan film, and the film was developed with Acufine (Acufine, Chicago). RESULTS Cells in different regions of the wing disk were impaled with dye-filled microelectrodes. After intracellular injection of the fluorescent dye tracer Lucifer Yellow, the injected dye was observed to spread from the site of impalement into the surrounding cells. Our finding that there is dye coupling in the epithelium ofthe wing disk is consistent with previous electron microscopic findings of gap junctions between imaginal disk cells (20, 21) .
The pattern of dye spread in the wing disk was not radially symmetrical; rather, it exhibited specific patterns of preferential movement (Fig. 1) . In this experiment, a columnar cell in the presumptive wing pouch region ofa wing disk was impaled with a microelectrode (Fig. la) . With continuous iontophoresis, Lucifer Yellow dye moved to the surrounding cells; after 51 min there was intense fluorescence in an approximately semicircular patch of cells in the anterior half of the wing disk (Fig. ic) . Throughout the experiment, there was much less movement of dye into the posterior half of the disk. Between the two halves, there was a band of cells across which there was very little dye transfer (Fig. 1d ). This band ofcells behaved as a communication barrier which restricted dye transfer. Most of the transfer between both halves appeared to occur through cells to the left of this band. Once the dye had reached the posterior side by this route, it readily spread to the other cells in this area. We refer to each half as a "communication compartment" because there is a high level of gap junctional exchange between cells within a compartment and much lower exchange between compartments (22, 23) . The boundary line of low junctional communication closely approximates the anterior/posterior compartment line delineated by cell-lineage analysis (4, 5, 8) and, for this reason, we refer to this as the anterior/posterior communication-compartment line. Fig. 2 shows another example in which this boundary line is clearly visible. From the microelectrode-impaled cell in the presumptive dorsal (D) region (see arrow in Fig. 2a) , there was considerably more dye passage into cells in the anterior half of the wing disk (A) compared to the posterior half (P) (Fig. 2b) . The preferential'spread ofdye from the point ofimpalement into the anterior half suggests that the anterior/posterior compartment boundary bends towards the posterior at the presumptive dorsal (D) end of the disk. This boundary line is line a in Fig.  2c and represents our estimated position of the anterior/posterior communication-compartment line as determined by the patterns ofdye coupling observed in this disk. As shown in Fig.  2b , the boundary line in the posterior dorsal (notal) region of the disk was partially obscured by the additional spread of injected dye. Earlier in the experiment, however, this segment of the boundary line was discernible as diagrammed by line a in Fig. 2c . In this experiment, there also was some dye transfer across the anterior/posterior boundary in the presumptive distal wing pouch region (see line b in Fig.. 2c) . This rectangular "finger-like" patch of cells might delineate segments of other compartment lines present in this region. Similarly, dye passage was restricted at a fold in the disk, which corresponds to line c in Fig. 2c , and this too may reflect the presence of another compartment line (see Discussion).
We observed the anterior/posterior communication restriction in 16 impalements of 15 mid-to late-third-instar disks. This communication-compartment line was observed with 11 impalements into cells in the anterior compartment and 5 impalements into the posterior compartment. With one disk we observed the restriction twice after two injections on either side of the boundary.
We carefully examined the possibility that observations of this boundary could be explained by various artifacts, such as I s could have arisen from impalements that had penetrated the lumen of the disk. Results from experiments in which we deliberately impaled into the lumen revealed that immediately after penetration, there was a very rapid filling ofthe entire disk with faint fluorescence. This pattern of fluorescence is distinct from and cannot be confused with dye spread after intracellular impalements in the disk epithelium. DISCUSSION Our results clearly show the presence of communication compartments in the wing imaginal disk of Drosophila. The disk is segregated into an anterior and a posterior communication compartment in which dye exchange across the boundary between these compartments is low compared to the cell-to-cell transfer within each compartment. From previous studies, whenever dye coupling has been observed between cells, ionic coupling also has been detected (see ref. 14 for review). Therefore, the fact that there is limited dye transfer across the border-between the anterior and posterior communication compartments suggests that the-two compartments are probably ionically coupled as well.
Communication compartments have been observed in the mouse embryo (22, 23) . Iontophoretic injection of fluorescein and Lucifer Yellow indicated that all of the cells of the preimplantation mouse embryo were initially coupled to one another. However, as development proceeded to postimplantation stages, communication compartments were detected. These compartments were characterized by the complete absence of dye spread and the continued presence of ionic coupling between compartments. We recently heard from A. E. Warner and P. A. Lawrence that they have observed (24) communication compartments in the blowfly maggot, Calliphora erythrocephala, and in fifth-instar larvae ofOncopeltusfasciatus. These communication compartments have boundaries that coincide with the intersegmental borders; like compartments in mouse embryos, they exhibited restrictions in dye coupling but not ionic coupling. Interestingly, analyses ofcell lineage previously have shown that these borders in Oncopeltus also behave as developmental compartment boundaries (25) . Communication compartments also have been observed in the molluscan embryo (26) . However, interpretation of this experiment may be complicated by the fact that only small amounts of dye were injected. Hence, it is possible that quenching of the injected dye and nonspecific binding of dye molecules may have limited the apparent spread of dye between cells.
The cellular mechanisms responsible for restricting dye spread at communication-compartment borders are presently not known. One possibility is that there may be fewer gap junctional channels at communication-compartment boundaries. Observations of partial restrictions in dye transfer easily could be accounted for by such a mechanism. Observations (27) that gap junctions are nonrandomly distributed in the wing disk (as discussed later) may be consistent with this model. An alternative possibility is that gap junctions may have smaller pores or have become selective in their permeability, thereby restricting dye transfer. However, most of the published data indicates that junctional channels have very similar permeability properties (as reviewed in ref. 14) . Nevertheless, at thepresent time there is insufficient data to rule out either of these two possibilities.
Communication compartments may play an important role in developmental processes because they seem to coincide, in all of the cases so far observed, with developmental compartments as determined by clonal analysis. This seems to be the case at the intersegmental borders ofOncopeltus and also in this study on the wing imaginal disk of Drosophila. The positions Proc. Natl. Acad. Sci. USA 79 (1982) ofdevelopmental compartment lines on the wing disk have been inferred from the fate map reported by Bryant (28) (which maps adult wing structures onto the disk surface). In addition, the position of the border between the anterior and posterior developmental compartments recently has been visualized directly on the surface ofthe wing disk by using clones genetically marked with a heat-labile form ofsuccinate dehydrogenase (sdh) (8) . The position of the line between the anterior and posterior developmental compartments derived by both methods coincides with our estimated position of the communication-compartment line. The communication line bisects the presumptive wing pouch region and appears to bend in the posterior direction in the presumptive notal region. This is entirely consistent with sdh clonal results, which also show this bend in the compartment boundary (8) . We do not yet understand the functional significance of this correlation, but it is possible that gap junctional communication compartments may mediate the formation or maintenance, or both, of developmental compartments.
We now are investigating further the pattern of dye coupling in disks of different developmental stages. Results from cell-lineage studies suggest that there is a sequential formation of a number of different compartment lines (4) (5) (6) . In considering the possible role of junctional communication in compartment formation, it will be important to determine the exact time course of the appearance of different communication-compartment restrictions and to relate this to the temporal sequence of appearance of developmental compartments. The anterior/ posterior restriction is the first line to appear, and this segregation may take place as early as the cellular blastoderm stage (7). Our present results suggest that there is an anterior/posterior communication restriction in mid-to late-third-instar disks. We currently are impaling younger disks in order to determine if communication restrictions are present at earlier stages. In addition, we have preliminary evidence that suggests that several of the other known developmental compartment lines may also correspond to communication-compartment borders, some of which also may run along folds in the disk's epithelium (5, 29) . It is interesting to note that our preliminary results are consistent with electron microscopic observations of Ryerse (27) , which show that there are fewer gap junctions in the regions of folds. Currently, we are trying to determine the exact time course of the appearance of these communicationcompartment lines and correlate it with the lineage data (4, 5) .
Results from studies of homeotic mutations in Drosophila (reviewed in refs. 11 and 12) and epidermal transplantation experiments in Rhodnius, Oncopeltus, and Galleria (30, 31) have suggested that developmental compartment boundaries may delineate the borders of gradients of positional information. Given that gapjunctions allow the direct transfer of small molecules between cells, it is reasonable to consider the possibility that gap, junctional communication may mediate the formation of gradients during development. Communication restrictions at compartment borders could facilitate the formation of gradients of small molecules within compartments. Such gradients could directly or indirectly supply "positional information" (10) to epithelial cells of the imaginal disk, allowing them to differentiate into the "correct" adult cuticular structures during metamorphosis. Although restrictions at communication-compartment borders may be important for positioning cells within compartments, we believe that the low level of communication resulting from incomplete restriction (giving partial isolation of compartments) may allow the coordination of developmental events between cells in a number of compartments. We have no experimental means at the present time for directly evaluating these hypotheses, but we hope that they can be tested in the future as more specific means for inhibiting junctional communication become available.
